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SUMMARY

An analytical study was performed to determine the structural approach best

suited for thes design of a Mach 2.7 arrow-wing supersonic cruise aircraft.

Results, procedures, and principal Eﬁst{fiéagfsn of results are presented
in Reference 1. Dgtailed»substanfiation data are given herein. In general,
each major analysis {érpresented seqﬁehtiallyrén éeparate sections to pro-
vide continuity in-therflow of the &esign concgp}sianélysis effort. In
addition to the design éohbepts evaluation and the detailed engineering
design analyses, suppbrting tasksréﬁggmpassing: (1) the controls system
development (2) the prbﬁﬁlsion—airfrgme intégréﬁion study, and (3) the

advanced technology assessment are presented.

Reference 1 Sakata, I. F, and Davis, G, W.: Evaluation of Structural Design

Concepts foz an Arrow-Wing Supersonic Cruise Aircraft NASA
CR- 197






INTRODUCTION

The design of an economically viable supersonic cruise aircraft requires
reduced structural mass fractiqns,égEggﬁggig?through applicatiéhrbf new
materials, advanced concepts and dE;EEiitbols. Configurations, such as

the arrow-wing, show promise ffbmrfﬁééaerbdynamic standpoint; howevef,
detailed structural design studies are needed to determine the feasibility
of constructing this type of éircraft with sufficiently low structural mass

fraction.

For the past several &éé}s:;fhé'NASA”Iangley Research Center has been
pursuing a supersonic cruise aircraft research program (1) to provide

an expanded technology base for future superscnic aircraft, (2) to pro-
vide the data needed to assess the environmental and economic impacts on
the United States of present and especially future foreign supersonic
cruise aircraft, and (3) to provide a sound techmical basis for any future
consideration that may be given by the United States to the development of
an environmentally acceptable and economically viable commercial supersonic

crulse aircraft.

The analytical study, reported herein, was performed to provide data to
support the selection of the best structural concept for the design of a
supersonic cruise aircraft wing and fuselage primary structure considering
near-term start-of-design technology. A spectrum of structural approaches
for primary structure design that has found application or had been proposed
for supersonic aircraft design; such as the Anglo-French Concorde supersonic
transport, the Mach 3.0-plus Lockheed F-12 and the proposed Lockheed L-2000
and Boeing B-2T70T7 supersonic transports were systematically evaluated for

the given configuration and envirommental criteria.

The study objectives were achieved through a systematic program involving
the interactions between the various disciplines as shown in Figures A through
C. These figures present an overview of the study effort and provides a

summary statement of work., as follows:

(1) Task I - Analytical Design Studies (Figure A).- This initial

task involved & study wherein a large number of candidate structure

v
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(3)

concepts were investigated and subjected to a systematic evaluation
process to determine the most promising concepts. An airplane
configuration refinement investigation, including propulsion-airframe

integration study were concurrently performed.

Task II - Engineering Design/Analyses (Figure B).- The most

promising concepts were analyzed assuming near-term start-of-design
technology, critical design conditions and requirements identified,
and construction details and mass estimates determined for the
Final Design airplane. Concurrently, the impact of advanced tech-

nology on supersonic crulse aircraft design was explored.

Task IIT - Mass Sensitivity Studies (Figure C).- Starting with

the Final Design airplane numerous sensitivity studies were performed.
The results of these investigations and the design studies (Task I
and Task II) identified opportunities for structural mass reduction
and needed research and technology to achieve the objectives of

reduced structural mass.

Displayed on the figures are the time-sequence and flow of data between dis-
ciplines and the reason for the make-up of the series of sections presented
in this report. The various sections are independent of each other, except as
specifically noted. Results of this structural evaluation are reported in
Reference 1. This reference also includes the procedures and principal justi-
fication of results, whereas this report gives detailed substantiation of the

results in Reference 1. This report is bound as four separate volumes.
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 SECTION 15

MASS,ANALYSIS'

INTRODUCTION

The analyses performed to prov1de structural mass estlmates for the arrow-w1ng

supersonic cruise aircraf‘t described in Section 2 are presented in this

section,

To realize the full potential for'strﬁcfurai mass reauction, a8 spectrum of approaches
for wing and fuselage primary structure design were investigated through analyses,
design studies, and detailed design: (1) to assess the relative merits of various
structural arrangements, concepts and materials (2) to select the structural

approach best suited for the Mach 2.7 environment and (3) to provide construction

details and structural mass estimates based on in-depth structural design studies.

BASELINE CONFIGURATION MASS DATA

The interior arrangement of the baseline configuration concepts adopted for the

Task I and Task II studies are presented in Figures 15-1 and 15-2, respecfively.

The dimensional and mass characteristics for the configurations are fully described
in Section 2, For completeness, however, the airplane mass property data are pre=-
sented in the following sections along with a group weight comparison with the study

of Reference 1.

Airplane Mass Properties - Task I

Estimated Group Weight and Balance Statement. - An Estimated Group Weight and Bal-

ance Statement is presented on Table 15-1 for the Baseline Configuration - Task I,
The airplane has a taxi mass of 340,000 kilograms (750,000 pounds), and a range of
7800 kilometers (4200 n. miles) with a payload of 22,000 kilograms (49,000 pounds).

This primarily titanium wing has a total planform area of 1,005 sq., meters and an

aspect ratio of 1.62. Its mass includes the center section carry-through structure

15-1



under the floor, aerodynamic control surfaces and secondary structure. The hori-
zontal stabilizer, and body mounted fin are all—movable; There are also fixed fins
outboard on the wing. The body is 90.5 meters long, and will accommodate 234 pas-
sengers in five (5) abreast seating. The under floor baggage compartment is located

between the nose landing gear and the wing carry-through structure.

The wing mounted main landing gear retracts into a well just outboard of the body.
The axisymmetric inlets and dﬁct-burning turbofan engines are under the wing with
the thrust reversers just aft of the wing trailing edge. The engines are sized to

provide a takeoff thrust to weight ratio of .36,

The mass estimates for the system and equipment reflect composite material applica-
tion. Standard and operating equipment includes the crew, urusable fuel, and pas-

senger service items,

Mass Moment of Inertia. - Airplane mass moments of inertia were determined for the

seroelastic studies. The data for takeoff gross weight, operational weight empty

and two intermediaste flight conditions are summarized in Table 15-2.

Center of Gravity Travel. - The center of gravity travel is tailored to permit the

airplane to cruise with a minimum trim drag penalty. This is acccmplished by
sequencing the fuel tanks. The forward body and forward wing tanks are used for
climbing and accelerating to cruise Mach number. The remaining wing tanks and mid-
body tanks are used during cruise. The last two body tanks contain the landing and

reserve fuel.

The interior is configured for 23k passengers in five (5) abreast seating with a
seat pitch of .86 meters. The baggage is loaded aft of the nose landing gear.
Loadability studies indicate unrestricted passenger seating and small curve devia-
tion from the straight payload line. This is primarily due to the low passenger

mass to taxi mass fraction.

The fuel tank center of gravities are based on a fuel density of .803 kilogram/
1iter. The usable fuel volumes are calculated on the basis of 90-percent of the

gross contour cross sectional area to allow for structure, systems and usable fuel,

The center of gravity travel shown in Figure 15-3 is used for the Task I Analytical
Design Studies. The results of the design, vtability and control, and weight and
balance studies during Task I are reflected in a new travel diagram for the Engi-

neering Design Study of Task II.

15-2
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TABLE 15-2.

ATRPLANE MASS MOMENT OF INERTIA - TASK I

WEIGHT WEIGHT X Zz |piTcH| BROLL | YyAw
CONDITION {LB) (IN}  |(N) 10 6 SLUGFT

TAKE OFF GROSS 750,000 2151 | — 40.8 6.51 47.3
OPER. EMPTY WT. 321,000 2301 | — 27.7 4.68 32.2
INTERMEDIATE | 699,300 2177 | -141(39.9 6.36 46.2
® ZERO FUEL 370,000 2216 | —128

® FUEL (A) 329,300 2133 | —155

INTERMEDIATE 2 455,950 2212 | —133|35.2 475 39.9
® ZERO FUEL 370,000 2216 | —128

® FUEL (B) 85,950 2196 | —157

NOTES: (A) TANKS NOS. 2-5,8-11PLUS:

50 PERCENT OF NOS. 1,6 & 7.

(8) TANKS NOS.2 & 4 PLUS 50 PERCENT OF NOS. 3 &5.
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Airplane Mass Properties - Task II

Estimated Group Weight and Balance Statement. - The airplane weight and balance data

of Table 15-3 represent the various configurations evaluated during the Task IT
effort. The data reflect the configuration refinements adopted to the NASA 15F con-
cept. All data are for a fixed sized aircraft with a takeoff gross mass of

340,000 kilograms (750,000 pounds) and payload of 22,000 kilograms {19,000 pounds).

e Task TIA Configuration Data - The Task I weight data (Table 15-1) were
adjusted aft to reflect the effect of the configuration changes. The mass
of each item was assumed invariant. The taxi mass is at the 52-percent MAC
and the zero fuel weight (ZFW) is at the 53.9-percent MAC.

e Task IIB Baseline Data - The data is representative of the configuration
changes adopted and the minimum mass wing and fuselage structural approach
selected for the Task II effort. The engines have been resized to reflect
an uninstalled sea level static thrust of 89,466 pounds per engine and
appropriate mass changes for the larger air induction system and nacelles
are indicated. The initial mass data does not include allowance for flutter
suppression., The taxi mass is 340,000 kilograms (750,000 pounds) with the
center of gravity located at the 52.5-percent MAC.

e Task IIB Final Data - The primary mass change is reflected by the increase
in wing mass to include the requirements to suppress flutter. A trade off
with fuel (Tank No. 16) is made to achieve the same center of gravity loca-

tion as for the baseline data.

Mass Moment of Inertia. - Airplane mass moment of inertia were computed and plotted

in Figure 15-L. The data is similar to that shown in Table 15-2 for the Task 1
airplane. The pitch moment of inertia is slightly less due to the shortened fuse-
lage while the roll moment of inertia is greater due to the heavier propulsion
packages. These data are used for the aeroelastic studies reported in Section 5
and 10.

Center of Gravity Travel. - The fuel management scheduling for airplane center of

gravity control is shown in Figure 15-5. The sequencing of fuel is planned
(1) to permit the airplane to cruise with a minimum of trim drag penalty and (2) to
maximize the heat sink capability of the fuel by emptying the outboard wing tanks as

early as possible in the mission.
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Figure 15-5. Center of Gravity Diagram - Task II
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Tanks 1 through U4 are engine feed tanks and are kept full until all other tanks are
empty. The usable fuel mass is based on a fuel density of 0.803 kilogram/liter

(6.7 pound/gallon) and 90 percent of the gross volume to allow for structure, sys-
tems and unusable fuel. 'The forward limit for flight (5l-percent MAC) and the aft
limit for takeoff and landing are indicated at 53.5-percent MAC and 55-percent MAC,

respectively.

Weight Comparison Data

To compare with previously established weight trends for supersonic cruise aircraft,
a group weight comparison was made. The data, presented in Table 15-4, compares

a preliminary weight estimate for the arrow-wing supersonic cruise aircraft
derived from parametric relationship of the various items (i.e. wing, body) and
data of Reference 1. The referenced data is for the Boeing 969-336C production
configuration which was obtained by scaling-up-the group weights of the prototype
aircraft. As noted on the table, the heavier wing weight used for the starting
point of this study is offset by the lighter body structure weight which considers
composite application in the cocled interior (i.e. floor beams, post, trim). The
larger diameter turbofan engines result in an increase in inlet weights. The
equipment and system weight reductions over the referenced ‘data are achieved by

utilizing composite materials.

Detail Wing and Body Weights

The scope of the study is to determine the structural approaches best suited for
the wing and fuselage design of a Mach 2.7 supersonic cruise aircraft. To identify
the relative weights of those components which make up the ﬁing and body structure,
these groups were further broken-down into more detailed components as presented in
Table 15-5. This procedure isolates different types of structural elements and
their relative weights. As the analyses of different elements are completed, the
results are compared to the initial estimated values. The relative proportion
between the primary structural elements is determined by typical percentages from
previous studies and analyses. Other items, such as control surfaces, utilize
representative unit weights and their respective areas. Door and windows are based

on the size, type, and quantity.
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TABLE 15-L,

PRELIMINARY GROUP WEIGHT COMPARISON

LOCKHEED BOEING
REFERENCE ARROW-WING 969-336C
INITIAL DATA PRODUCTION
PARAMETRIC REFERENCE 1
DATA
WEIGHT WEIGHT
ITEM {lbs) {ibs)

WING 109,600 92,700
TAIL — HORIZONTAL 4,400 2,370
— VERTICAL 3,800 3,270
— CANARD - 2,950
BODY 41,000 51,570
LAND. GEAR — NOSE 3,000 3,030
MAIN 27,400 27,910

AIR INDUCTION 17,200
NACELLE 6.800 } 15,650
TOTAL STRUCTURE {213,200) {199,450)
PROPULSION — ENGINES 46,000 45,020
— SYSTEMS 7,000 6,310
SURFACE CONTROLS 8,500 12,450
INSTRUMENTS 1,230 3,400
HYDRAULICS 5,700 5,600
ELECTRICAL 4,550 5,050
AVIONICS 1,900 2,690
FURN. AND EQUIPMENT 11,500 21,290
ECS 8,300 8,100
OPTIONS AND TOLERANCES 2,420 5,480
MANUF. EMPTY WT. (MEW) 310,300 314,840
STD AND OPER EQ. 10,700 11,810
OPER. EMPTY WT. (OEW) 321,000 326,650
PAYLOAD 49,000 48,906
ZERO FUEL WEIGHT (ZFW) 370,000 375,556
FUEL 380,000 374,444
TAXI WEIGHT 750,000 750,000
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TABLE 15-5.

ESTIMATED WEIGHTS FOR WING AND BODY - TASK I

WEIGHT (ibs)
ITEM COMPONENT GROUP
WING GROUP: 109,600
CENTER SECTION 17,000
SURFACE MATERIAL 12,750 Ib.
SHEAR MATERIAL 3,400
RIBS 850
OUTER PANEL 66,620
SURFACE MATERIAL 49,960
SHEAR MATERIAL 7,330
RiBS 9,330
LEADING EDGE 5,470
TRAILING EDGE 5,620
MLG DOORS 3,600
BODY FAIRING 1,600
AILERONS 1,440
T.E. FLAPS 6,880
L.E. FLAPS 1,220
SPOILERS 250
BODY GROQUP: 41,000
BULKHEADS AND FRAMES 4,940
SKINS 10,510
LONGERONS AND STIFFENERS 6,010
NOSE AND FLIGHT STATION 2,500
NLG WELL 900
WINDSHIELD AND WINDOWS 1,680
FLOORING AND SUPPORTS 3,820
DOORS AND MECHANISM 4,170
UNDERWING FAIRING 1,870
CARGO COMPARTMENT PROVISIONS 1,060
WING-BODY FITTINGS 1,500
TAIL-BODY FITTINGS 600
PROVISIONS FOR SYSTEMS 740
FINISH AND SEALING 700
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STRUCTURAL MODEL MASS DATA

Grid Point Distribution - Task I

The data from tie Bstimated Group Weight and Balance Statement of Table 15-1 are
distributed to the structural model grid points (SIC) for use in the static loads
and flutter analysis programs. For theiinitial effort, a single mass distribution

which is representative of the three structural arrangements is used.

Table 15-6 presents the Operating Weight Empty (OWE), Table 15-7 the payload, and
Table 15-8 the fuel distribution by tank. Several individual components lumped in

the SIC distribution are listed separately in Table 15-9,

The negative sense of weight values at some points are the result of applying a couple
to obtain the correct center of gravity for the overhanging vertical fins. The mass
moment of inertia for the propulsion system wing, and fuel are presented in Tables
15-10 and 15-11. These data are based on the weight dlstrlbutlon at the SIC grid

peints. The grid point locations are defined in Section 9, Structural Analysis Models.

Grid Point Distribution - Task IIA

For the Task IIA investigation, the Task I weight data (Table 15-1) were adjusted aft
to reflect the configuration changes adopted. The configuration refinements are
shown in Figure 15-6, The major configuration differences are delineated below:
(1) Added wing area (50 sq. ft./side) outboard of BL 470 by reducing angle of
the leading edge from 6kL.6L-degrees to 60-degrees.
(2) 1Increased number of fuel tanks and changed the tank afrengement to
achieve an aft shift in center-of—grav1ty.
(3) Reduced length of fuselage forebody by 119 1nches, payload moved aft.
(4) Increased fuselage-mounted vertical tail area from 290 sq. feet to
325 sq. feet.

The geometric parameters for these changes are defined in Table 15-12.

The appropriate changes to reflect the aforementioned refinements were made
(data not included) including changes to the wing tip surface panel distribution to
reflect strength-designed thicknesses (Figure 15-7). These data were then input to

th static loads and flutter analysis programs.
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TABLE 15-7. PAYLOAD DISTRIBUTION - TASK I

SIC GP X W
PT. ©NO. (y=0) Lbs/side

Y 0108 8oo 1240
5 0110 1000 2847
6 3151 1210 3680
7 3251 1382  2hho
8 3351 1580 24bo
9 3451 1680  1hho

10 3551 1772 1240
11 3651 1865 1240
12 3751 1955 620
13 3851 2045 £20
1k 3951 2145 1240

15 L4051 2235 1240
16 L4151 2330 12Lo
17 L4251 2LOS 1000
18 4351 2485 1000
19 LLs1 2565 973

15-20



006221

008N
00gh
000T
0091
0022
o2
00tE
003h
0062

006

00TE
o02h
00Gh
0069
0518
0szh

0022
O0EE
0064
000
050§
0seh

0021
oot
0004
0099
00gL
002h

002

004T
0051
0591
060T

(3AIS/97) TYIOL

(Tetired)

oont
00.,
004

0496
00TH

" 00TH

¢zl
Gel

0006 06191

0001
00QT
0022
0,01 %
00LE
0061

006

'00TE

ooeh
005
0069
006t

006

0OHT
0012
000t
0091

I MSVLI - NOIINYIMLSIA TaNd

LT
CLIZ

oseh
oseh

0691
04691

<
"ON MNVI THENA

0006E

00£T
0061
0082
000%
0022

002T
ooHe
0005
0099
009¢

00¢
00sT
00ST
008

00L8T

009¢

0092

ooz
oozn

0501
0501

c9

GOt
962
A X
961
A
29

GEE
962
gee
96T
TN
<9

962
2te
96T
A
29

992
cte

*g-4 T ATIVL

(Zars/d71) TVIOL

GH12
SHTe
Gtoe

Gho2
Gs6T

CCHT
ST

G981
NN

2lLT
0891

0691

220
TS6€E
9260
92.0
9240
9eho
92£0
9220
T6QE

7280
"2Lo
el
feho
©2E0
%220
T6LE

2el0
2250
2eho
2ee0
2220
T69¢

0290
020
02h0
020
020
165¢€

g1S0
gTHO
gTED
9120
TGHE

*ON
do

oIS

15-21



00T.9

025
0gS
0RL
0T0T
0961
000T

00L2
00g2
00e2h
0064
0696
0692

0092
002
00Q¢E
00NS
006S
0092
00Qe
00Q¢
000N
000N

(24IS/97T) TVIOL

0006¢E

025
0ES
03l
010T
09

00.2
0092
002h
0066
000%

0092
00le
008t
00hS
0062

o1

(penuTiuod) I USVL - NOILNGIHLSIA TdNd

004HT 009£T

000T

000T

0692

0$92

0092

0092

000T 00ge

000T 00g2
000
0001

ui £

*ON JINVI TdNd

(Tetixed)

962
22
96T
62T
29

962
eLe
96T
¢zt

c9

962

AR

Get

G9%e gt Lo
geso
gEH0
QELo
[3£20

¢gse T6Hh

sghe 9210
9£40
9EH0
9tE0
9tc0

aohe 16eh

Gohe nelo
7EG0
fEHO
He€o
HE20

sone TG62h

0OtLe 220

otte 16TH

cgee Q€20
cgge. Taoh

‘NI *ON

X do

*g-GT AIdVL

(HAIS/4T) TVIOL

L6

13
0L

oIs

15-22



TABLE 15-9., INDIVIDUAL COMPONENT WEIGHT DISTRIBUTION - TASK T

GRID X Y
sic POINT WEIGHT
POINT NO. (in.) fin.) Ib/SIDE ITEM
) 24 0147 3360 0 567 HORIZONTAL TAIL
: 25 0148 3470 0 2563 HORIZONTAL TAIL
24 0147 3360 0 -469 VERTICAL TAIL (MOVABLE)
- 25 0148 3470 0 :;gg} VERTICAL TAIL (MOVABLE)

33 0226 2045 62 1923 MLG (UP)

36 0232 2330 62 4928 MLG (UP)

64 0426 2045 196 1922 MLG (UP)

67 0432 2330 196 4927 MLG (UP)

3 0106 600 0 525 NLG (UP)
4 0108 800 0 975 NLG (UP)
141 1348 2790 616 510 VERTICAL TAIL — WING
142 1350 2812 588 .510 VERTICAL TAIL — WING
148 1528 2904 603 ::ggg} VERTICAL TAIL — WING
183 0660 2660 264 3795 ENGINES, NAC. AND PROP. SYS.
184 0662 2800 264 9795 ENGINES, NAC. AND PROP. SYS.
185 1160 2720 438 3684 ENGINES, NAC. AND PROP. SYS.
186 1162 2855 438 9382 ENINGES, NAC. AND PROP. SYS.
-pAGE B
ORIGINAL P‘f‘
OF POOR @
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MOMENT OF INERTIA OF ENGINE, NACELLE, AND PRCPULSION SYSTEM - TASK 1

TARLE 15-10.
< v 3z 1000 SLUG - f12
sIC GRID WEIGHT
POINT PT. NO. (Ibs/SIDE) (in.) (in.) lin.) ! o, = 1o
oX Y 4
183 0660
.215 . 21.70
184 0662 13,590 2761 264 2 3.39
185 1160
; _ 20.8
186 1162 13,066 2817 438 207 3.23 3

TABLE 15-11. MOMENT OF INERTIA OF WING STRUCTURE AND FUEL - TASK I

_ - 108 SLUG -2
WEIGHT X Y
ITEM {1bs/SIDE) {in.) {in.) 'oz
WING STRUCTURE 75,737 2322 252 2.69
FUEL 154,500 2082 145 2.71
z TOTAL 230,237 2161 181 6.15
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SHORTENED
FUSELAGE NOSE

Figure 15-6.

s

. — R,
DECREASE TIP SWEEP/ \

INCREASE AILERON
AREA

Configuration Comparison - Task I and Task II

NOTE:

. A
— Y, — \om £
(.110)\ /100X AN A
073 Yt 2\, .027

N 1meiﬁl 073X

014 N (.094) %
014 \OSQ)WKOGZ (080 v.
. . 053 3%
018 N\ 0533¢1.073) 53 .‘

X 060) R 045 (060) 5 .
.014\ .WQ\%%
TR

XXX = UPPER SURFACE EFFECTIVE THICKNESS (IN)
{XXX) = LOWER SURFACE EFFECTIVE THICKNESS (IN}
o~ = BEAM WEB THICKNESS (IN)

Figure 15-7.

Surface Panel Thickness - Strength Design
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TABLE 15-12.

ATRPLANE GECMETRIC PARAMETERS - TASK I AND TASK II

TASK | TASK I
WING: ' AREA (PARALLEL TO Z_ PLANE) 12 10,822 10,923
AR 1.62 1.607
A 0.08 0.113
b in. 1590 1590
Cr in. 2195.5 2195.5
Cy in. 175.6 249.2
MAC in. 1357.8 1351.3
L.E.SWEEP to BL 392 {degree) 74 74
to BL 602 (degree) 70.84 70.84
to BL 795 {degree) 64.64 60.00
CONTROL L.E. FLAP AREA (ft2) 159 133
SURFACES: SPOILERS — PLAIN (£t2) 120 110
i SPOILER — SLOT — DEFLECTORS {ft2) 120 115
FLAPS — INBOARD (f12) 316 306
— FLAPERONS/AILERONS {f12) 310/180 247/250
HORIZONTAL AREA (WL PLANE) (£12) 795 795
TAIL: AR 1.607 1.607
A 0.225 0.225
b {in.) 441.6 441.6
ELEVATOR AREA (2) (f12) 174 174
FUSELAGE AREA (MOVEABLE) {ft2) 290 325
VERTICAL AR 0.517 0.517
TAIL: A : 0.23 0.23
b {in.) 146.4 155.5
WING AREA (FIXED - 2) (t2) 466 466
VERTICAL AR 0.495 0.495
TAIL: A 0.136 0.136
b {in.) 129.0 129.0
FUSELAGE: LENGTH {in.) 3564.0 3444.0
WIDTH {in.) 135.0 135.0
DEPTH {in.) 166.0 166.0
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Grid Point Distribution - Task IIB (Strength/Stiffness)

The configuration refinements identl fiéaﬁin Section 2 and summarized in the Grid

Point Dlstrubltlon dlSCUSSlOHS Were adopued for the Task I*B strenéth ‘and strength/

stiffness de51gn effort. The strJCtural approach seleCueé ;or these analyses is a
Hybrid strgp;ural arrangement cons;stlng of the chordw¢se stiffened design for the

wing structure inbcard of BL L06 and the monocoqué”design for the wihg tip structure.

As shown in xable lS 3 the Task IIArwe;ght dlsurlbutlon was updated to include the
engine size and welght 1ncreases to properly reflect the gn}nstalled sea level static
thrust level of 89,466 pounds per engine instead of the 77,957 pounds per engine.

Appropriate nacelle and air induction system weights were also included.

Table 15-13 presents the Operating Empty Weight (OEW) distribution for the strength/
stiffness design; the payload and fuel (tanks 1 through 16) distributions are
detailed in Table 15-14. The concentrated weight items which are included in the
OEW distribution of Table 15-13 are identified separately in Table 15-15. The
weight, center of gravity and moment of inertia data for tail surfaces and engines
are contained in Table 15-16. These data were applied to the flutter analysis

effort reported in Section 10.

The final strength/stiffness distribution resulting from the flutter optimization

analysis is shown in Table 15-17 and pictorially displayed on Figure 15-8. To pro-
vide adequate torsional stiffness, a total weight increment of 1462 pounds per side
is added to the wing tip box structure. To maintain constant aircraft gross weight,

an equal weight is removed from Tank 16 fuel, as shown in Table 15-18.

The mass moment of inertia for the wing and contents is presented in Table 15-19.
The datas includes the wing fuel (BL 62 - BL L406) and payload distribution to

BL 62.0. These data are based on the weight distribution at the SIC grid points.
The moment of inertia data for the aileron and outboard flaperon are shown in
Table 15-20. These data are based on an expression for calculation of the mass

moment of inertia derived from the L-1011 wide body transport.
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TABLE 15-13. OPERATING WEIGHT EMPTY DISTRIBUTION - TASK IIB
STRENGTH/STIFFNESS DESIGN
WEIGHT COORDINATES WEIGHT COORDINATES
MODEL MODEL
GRIDID | (Ib/SIDE) X Y GRID D | {Ib/SIDE) X
{in.) {in.) {in.) (in.}

3150 785 | 400.00 | 00.00 0212 2923 | 1,21000 | 62.00
3250 2,235 600.00 | 00.00 0214 303 | 1,38200 | 62.00
3350 2,967 800.00 | 00.00 0216 1,654 | 1580.00 | 62.00
3450 2,893 | 1,000.00 | 00.00 0218 1,154 | 1,680.00 | 62.00
3550 * 1,282 | 1,100.00 | 00.00 0220 1,330 | 1,77200 | 62.00
0112 1,040 | 1,210.00 | 00.00 0222 1,309 | 1,865.00 | 62.00
0114 1,395 | 1,382.00 | 00.00 0224 1,136 | 1,955.00 | 62.00
0116 733 | 1,580.00 | 00.00 0226 1,186 | 2,045.00 | 62.00
0118 509 | 1,680.00 | 00.00 0228 1,815 | 214500 | 62.00
0120 508 | 1,772.00 | 0.000 0230 1,785 | 2,235.00 | 62.00
0122 517 | 1,865.00 | 00.00 0232 1,686 | 2,330.00 | 62.00
0124 432 1,955.00 00.00 0234 1,164 2,405.00 62.00
0126 453 | 2,045.00 | 00.00 0236 1,163 | 2,485.00 | 62.00
0128 462 | 2,745.00 | 00.00 0238 2586 | 256500 | 62.00
0130 450 | 2,235.00 | 00.00 0240 2,637 | 2,640.00 | 62.00
0132 454 | 2,330.00 | 00.00 0242 288 | 271000 | 62.00
0134 411 | 2,405.00 | 00.00 0246 100 | 2,855.00 | 62.00
0136 427 | 2,485.00 | 00.00 || syBTOTAL| (26952) |(1,999.50)
0138 1,092 | 2,565.00 | 00.00
0140 1143 | 2,64000 | 00.00 0416 480 | 1,580.00 | 196.00
5150 2512 | 280000 | 00.00 0418 175 | 1,680.00 | 196.00
B250 2702 | 3,00000 | 00.00 0420 220 | 1,772.00 | 196.00
5350 952 | 320000 | 00.00 0422 287 | 1,865.00 | 196.00
5450 1027 | 336000 | 00.00 0424 282 | 1,955.00 | 196.00
5560 5002 | 347000 | 00.00 0426 392 | 204500 | 196.00

0428 310 | 2,145.00 | 196.00

SUBTOTAL | (33,283) |(2,109.40)

0430 1,614 | 2,23500 | 196.00
0314 710 | 1,382.00 | 125.00 0432 1,126 | 2,330.00 | 196.00
0316 345 | 1,580.00 | 125.00 0434 370 | 2,405.00 | 196.00
0318 225 | 1,680.00 | 125.00 0436 335 | 2485.00 | 196.00
0320 265 | 1,772.00 | 125.00 0438 430 | 2,565.00 | 196.00
0322 336 | 1,865.00 | 125.00 0440 600 | 2,640.00 | 196.00
0324 331 | 1,955.00 | 125.00 0442 768 | 2,710.00 | 196.00
0326 432 | 2,04500 | 125.00 0446 155 | 2,855.00 | 196.00
0328 1714 | 214500 | 125.00 | syBTOTAL| (7,544) |(2,274.60)
0330 8068 | 2,235.00 | 125.00

REFER TO SECTION 9 STRUCTURAL ANALYSIS MODELS FOR GRID POINT LOCATIONS
ON AIRCRAFT PLANFORM
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TABLE 15-13. OPERATING WEIGHT EMPTY DISTRIBUTION - TASK IIB
‘ STRENGTH/STIFFNESS DESIGN (Continued)

T

WEIGHT | COORDINATES | WEIGHT | COORDINATES

MODEL il MODEL
GRIDID | (b/SIDE) X Y GRIDID | (Ib/SIDE} X \4
(in) {in.) {in.} {in.)
0332 6,180 | 2,330.00 | 125.00 0620 215 | 1,772.00 | 266.00
0334 420 | 2,405.00 | 125.00
‘ 0336 400 | 2,485.00 | 125.00 0722 275 | 1,865.00 | 299.50
0338 510 | 2,565.00 | 125.00 0724 182 | 1,955.00 | 296.00
0340 700 | 2,640.00 | 125.00 0726 242 | 2,045.00 | 296.00
0342 800 | 2,710.00 | 125.00 0728 342 | 2,145.00 | 296.00
0345 200 | 2,855.00 | 125.00 0730 336 | 2,235.00 | 296.00
SUBTOTAL | (21,146) | (2,248.30) 0732 340 | 2,330.00 | 296.00
' 0734 400 | 2,405.00 | 296.00
0522 176 | 1,865.00 | 232.00 0740 1695 | 2,640.00 | 296.00
0524 170 | 1.955.00 | 232.00 0742 1,700 | 2,713.00 | 296.00
0526 232 | 204500 | 232.00 0746 200 | 2,855.00 | 296.00
0528 282 | 2,145.00 | 232.00
0530 276 | 223500 | 232.00 0824 187 | 1,955.00 | 33250
0532 280 | 2,330.00 | 232.00
SUBTOTAL | (7,659) |(2,461.00)-
0534 355 | 2,405.00 | 232.00
0536 325 | 2,485.00 | 23200 1130 149 | 2,235.00 | 435.00
0538 1,655 | 2,565.00 | 232.00
0540 1,610 | 2,640.00 | 232.00 1232 192 | 2,330.00 | 470.00
0542 1,035 | 2,710.00 | 232.00 1234 230 | 2,420.00 | 470.00
0546 140 | 2,855.00 | 232.00 1236 405 | 2,520.00 | 470.00
SUBTOTAL |  (6,906) | (2,462.00) 1238 2,355 | 2.625.00 | 470.00
1240 1,060 | 2,730.00 | 470.00
0926 24z | 2,045.00 | 365.00 1242 1,010 | 279800 | 470.00
0928 198 2,145.00 | 365.00 1246 140 2,900.00 | 470.00
0930 187 | 2,235.00 | 365.00
SUBTOTAL | (5,541) |(2,646.70)
0932 192 | 2,330.00 | 365.00
0934 390 | 2,410.00 | 365.00 1522 230 | 2,818.00 | 676.00
0936 365 | 2,500.00 | 365.00 1524 154 | 2,831.50 | 660.00
0938 330 | 2,590.00 | 365.00 1526 202 | 285400 | 633.00
0940 560 | 2,678.00 | 365.00 1528 2569 | 2,882.00 | 600.00
0942 756 | 2,743.00 | 365.00 1530 450 | 2,905.50 | 573.00
0946 145 | 2,868.00 | 365.00 1534 125 | 2,949.00 | 521.50

SUBTOTAL {3,365) |(2,520.40)

REFER TO SECTION 9 STRUCTURAL ANALYSIS MODELS FOR GRID POINT LOCATIONS

ON AIRCRAFT PLANFORM
15-29
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TABLE 15-13. OPERATING WEIGHT EMPTY DISTRIEBUTION - TASK IIB
STRENGTH/STIFFNESS DESIGN (Continued)
WEIGHT COORDINATES WEIGHT COORDINATES
MODEL MODEL
GRIDID | (Ib/SIDE) X Y GRID ID | {Ib/SIDE) X v
, {in.) {in.} {in.) {in.)
1028 160 | 2,145.00 | 402.00 1540 180 | 2,998.00 | 573.00
1030 121 | 2,235.00 | 406.00
1032 186 | 2,330.00 | 406.00 1562 245 | 2,882.00 | 712.00
1034 245 | 2,415.00 | 406.00 1564 165 | 2,804.00 | 698.00
1036 280 | 2,508.00 | 406.00 1566 222 | 2,914.00 | 675.30
1038 1,585 | 2,603.00 | 406.00 1568 304 | 2,837.70 | 647.00
1040 1,605 | 2,700.00 | 406.00 1570 340 | 2,958.50 | 623.00
1042 1,020 | 2,763.00 | 406.00
1,046 130 | 2,880.00 | 406.00 1610 250 | 3,007.00 | 668.00
SUBTOTAL | (5,332) |(2,624.30) 1614 75 | 304600 | 623.00
SUBTOTAL | (5511 |(2,901.50)
1300 132 | 2,399.00 | 495.00
1304 181 | 2,475.50 | 523.00 1724 13 | 3,054.10 | 795.00
1746 20 | 308290 | 795.00
1310 168 | 2,555.50 | 552.00 1768 26 | 3,111.30 | 795.00
1312 275 | 2,589.50 | 511.70 1790 104 | 314130 | 795.00
1794 95 | 317450 | 756.00
1320 131 | 2,636.50 | 581.30 1798 25 | 3.211.00 | 795.00
1322 180 | 2,659.20 | 554.30 | gyUBTOTAL |  (283) {(3,147.30)
1324 263 | 2,601.00 | 516.80
1326 .488 | 2,686.80 | 600.00
1328 173 | 2,703.00 | 581.00
1330 238 | 2,732.80 | 546.50
1332 477 | 2,769.00 | 503.30
1346 254 | 2,756.70 | 639.50
1348 197 | 2,770.00 | 622.00
1350 318 | 2,796.00 | 592.00
1352 426 | 2,82850 | 554.00
1354 536 | 2,854.00 | 524.00
SUBTOTAL | (3,461 |(2,726.00)
1622 192 | 2,961.00 | 758.00
1624 106 | 2,971.80 | 745.20
1626 129 | 2,987.00 | 727.20
REFER TO SECTION 9 STRUCTURAL ANALYS!S
1628 214 | 3,005.50 | 705.50 | MODELS FOR GRID POINT LOCATIONS ON
AIRCRAFT PLANFORM
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TABLE 15-13.

CPERATING WEIGHT EMPTY DISTRIBUTION - TASK IIB

STRENGTH/STIFFNESS DESIGN (Continued)

COORDINATES

WEIGHT | COORDINATES El
MODEL MODEL | tolorT
GRIDID {Ib/SIDE} X Y GRID (D (I1b/SIDE) X Y
in) | {in) in) | (in)
1630 122 3,023.80 | 684.00 || ENGINE &
1634 45 | 306200 | 639.00 || NACELLE:
0660 1,306 2,660.00 264.00
1662 69 2,993.00 | 777.00 0662 12,759 2,800.00 | 264.00
1664 53 3,003.00 | 764.20 | SUBTOTAL | (14,065) |(2,787.00)
1666 78 3,017.00 ;| 748.30 ’
ENGINE &
1668 92 3,033.50 | 729.00 NACELLE:
1670 140 3,050.30 | 709.00 1160 2,500 2.720.00 438.00
1674 55 3,087.50 | 665.50 1162 11,565 2,855.00 438.00
1702 26 3,025.10 | 795.00 SVU BTOTAL | (14,065) {(2,831.00)
1704 3% | 303500 | 783.00 | wiNG FIN: | (REFERENCE])
1706 65 3,046.50 | 769.00 1326 -781
1708 104 3,061.00 | 752.00 1528 2,181
1710 1901 3077.00 | 73400 | g prorAL | (14000 |(2,990.90)
1714 90 3,113.00 | 691.50
SUBTOTAL (1,809) 1(3,025.80) LOETVI:L 156,922 2,374.40 -

REFER TO SECTION 9 STRUCTURAL ANALYSIS MODELS FOR GRID POINT LOCATIONS
ON AIRCRAFT PLANFORM
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TABLE 15-15. INDIVIDUAL COMPONENT WEIGHT DISTRIBUTION - TASK IIB STRENGTH/STIFFNESS DESIGN

GRID WEIGHT X Y z
ITEM 1.D. (Ib/SIDE) (in.) (in.) {in.)
NOSE LANDING GEAR (UP) 1,500 914.7 0 269.10
: 3350 640 800.0 0 262.64
3450 860 1000.0 0 273.97
MAIN LANDING GEAR (UP) 13,700 2273.0 137.2 297.80
0330 6,810 2235.0 125.0 296.00
0430 1,410 2235.0 196.0 304.00
0332 4,540 2330.0 125.0 297.00
0432 940 2330.0 196.0 306.00
VERTICAL TAIL — FUS. (MOVABLE) 1,300 3522.0 0 377.30
5450 615 3360.0 0 368.30
5550 +1,915 3470.0 0 371.20
HORIZONTAL TAIL — FUS. (MOVABLE) 3,975 3449.0 0 368.70
5450 760 3360.0 0 358.30
5550 3,215 3470.0 0 371.20
AIR INDUCTION — INBOARD 4,940 2602.5 264.0 316.20
0538 1,235 2565.0 232.0 313.00
0738 1,235 2565.0 296.0 319.00
0540 1,235 2640.0 232.0 313.00
0740 1,235 2640.0 296.0 320.00
AIR INDUCTION — OUTBOARD 4,940 2649.7 488.0 322.10
1033 1,235 2603.0 406.0 321.00
1238 1,930 2625.0 470.0 319.50
1040 1,235 2700.0 406.0 326.00
1240 540 2730.0 470.0 325.20
ENGINES AND NACELLES — INBOARD 14,065 2787.0 264.0 305.00
0660 1,306 2660.0 264.0 305.00
0662 12,759 2800.0 264.0 305.00
ENGINES AND NACELLES — OUTBOARD 14,065 2831.0 438.0 311.00
1160 2,500 2720.0 438.0 311.00
1162 11,565 2855.0 438.0 311.00
WING FIN 1,400 2990.9 600.0 338.20
1326 -781 2686.3 600.0 307.80
1528 +2,181 2882.0 600.0 327.30

REFER TO SECTION 9 STRUCTURAL ANALYSIS MODELS FOR GRID POINT LOCATIONS
ON AIRCRAFT PLANFORM
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TABLE 15-16

. MASS DATA FOR FLUTTER ANALYSIS - TASK IIB

CENTER OF GRAVITY

MOM. OF INERTIA —

inch ~ Slugf12
WEIGHT —
ITEM (Ib/SIDE) X Y 2 X, 'Y, 'z,
VERTICAL TAIL ~ FUS. 1,300 3522.0 0 | 4820 455 3158 | 2,703
HORIZONTAL TAIL ~ FUS. 3,975 3449.0 753 | 3750 | 2,001 6,159 | 8250
ENGINES AND NACELLES:
INBOARD: 14065 | 2787.0 | 2640 | 2580 | 3795 | 17,709 | 17,709
OUTBOARD: 14,065 28310 | 4380 | 2725 | 3795 | 17,709 | 17,709
FIN ~WING 1,400 20909 | 600.0 | 3830 542 3134 | 2,592
SECT.  W.L
1 312:340 240 2920 600 | 330 17 2935 | 2918
2 340-370 374 2952 600 | 354 6.1 6115 | 605.4
3 370-400 332 2993 600 | 384 5.4 507.6 | 502.2
4 400-430 229 3034 600 | 414 37 2031 | 199.4
5 430-455 125 3067 600 | 441 14 50.0 57.6
6 455.475 63 3096 600 | 464 0.5 14.2 137
7 475-T1P 37 3122 600 | 484 0.2 39 37
NOTES:

REFER TO SECTION 2 STRUCTURAL ANALYSIS MODELS FOR GRID POINT LOCATIONS

OF AIRCRAFT PLANFORM.

CENTER OF GRAVITY DIFFERENCES BETWEEN TABLE 1516 AND TABLE 1515
ARE DUE TO 2-D GRID POINT LOCATIONS IN TABLE 1515 NOT COINCIDENT WITH

ACTUAL CENTER OF GRAVITY.
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TABLE 15-17. FINAL MASS DISTRIBUTION - STRENGTH VS STRENGTH/STIFFNESS DESIGN
WEIGHT (ibs} WEIGHT (ibs)
MODEL STRENGTH STRENGTH/ MODEL STRENGTH STRENGTH/
GRIDID ONLY STIFFNESS GRID ID ONLY STIFFNESS
1300 132 132 1610 250 250
1304 168 181 1614 75 75
1310 . 156 168 1622 164 192
1312 270 275 1624 50 106
1320 150 131 1626 60 129
1322 180 180 1628 146 214
1324 240 263 1630 122 122
1326 -504 -488 1634 45 45
1328 144 173 1662 54 69
1330 190 238 1664 22 53
1332 410 477 1666 33 78
1346 234 254 1668 46 92
1348 138 197 1670 140 140
1350 257 318 1674 55 55
1352 364 426
1354 536 536 1702 16 26
1704 19 39
1522 210 230 1706 25 65
1524 103 154 1708 44 104
1526 13 202 1710 180 190
1528 2493 2569 1714 90 90
1530 450 450 1724 8 13
1534 125 125 1746 15 20
1540 180 180 1768 22 26
1562 208 245 1790 104 104
1564 84 165 1794 95 95
1566 108 222 1798 25 25
1568 180 304
1570 340 340
TOTALS 9,602 11,064

REFER TO SECTION 9 STRUCTURAL ANALYSIS MODELS (FIGURE 9-5)
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NOTE:

XXX = UPPER SURFACE EFFECTIVE THICKNESS {in)
(XXX) = LOWER SURFACE EFFECTIVE THICKNESS (in}

Figure 15-8.

Surface Panel Thickness - Final Design
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TABLE 15-18., TFUEL DISTRIBUTION FOR TANK NO. 16 - STRENGTH VS STRENGTH/STIFFNESS DESIGN

TANK 16 FUEL (Ib/side}

MODEL STRENGTH STRENGTH/
GRID ID ONLY STIFFNESS
0140 1,326 1,182
5150 6,013 5,359
5250 4,775 4,255
0240 1,326 1,182
TOTALS 13,440 11,978

REF. TANK 16 FUEL CAPACITY = 15,200 Ib/SIDE

TARLE 15-19. MOMENT COF INERTIA - WING, PAYIOAD AND FUEL - TASK II

WEIGHT X Y z 'ZZc.g‘
_ ITEM {Ib/SIDE) (F.S.) B.L) | Wi) 108 Shug - f12
WING AND CONTENTS @ OEW (A)

(BL 62 TO TIP) 92,647 2320.1 223.1 275 4.32
PAYLOAD (BL.62) 9,158 1820.4 620 | 310 0.34
FUEL (BL 62 to BL 406) 148,303 2191.0 160.8 | 270 2.18
WING AND CONTENTS @ TOW 250,108 2225.3 180.3 | 2733 7.46

(A) DOES NOT INCLUDE WING FIN AND ENGINES

TABLE 15-20. MOMENT OF INERTIA - AILERON AND QUTBOARD FLAPERON

CONTROL AVERAGE (A) WEIGHT, W 'HL (8)
SURFACE CHORD, C (in.) {ib) {Ib-in.2) (Ib-in.-sec2)
AILERON 65 625 0.602 x 106 1560
OUTBOARD 76 504 6
L APERON 0.662 x 10 1720
(A} MEASURED NORMAL TO HINGE LINE HL
CONTROL SURFACE
(8) W c2 CROSS SECTION
= |(Wes 2
IHL (12 ) + (Wd<) | #
IHL = 0.228Wc2 (Ib-in.2)  WITH d =0.38¢ c l
]
IHL = .00059 Wc2 (ib-in.-sec?)
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STRUCTURAL CONCEPT MASS ANALYSIS

A Method

The Structural Concept Analysis section presents sized elements for selected wing
and fuselage locations fdrieécﬁ sfruétﬁral arrangement. The data reflecté-variable
spar or rib spacing fof each panel concept at the point design region specified.

To determine the unit weights between analysis areas, the 1oad/ﬁembéfature map is
utilized, This permits'uhifwﬁéigﬁgé to be increasea:bf ééé;;éééé with correspond-~
ing changes in the load and temperature environment. Consideration is also given to

the lightly loaded minimum gage regions.

In the locations where wing spars mate to the body frames, the spacing is selected

by the minimum weight combination of the wing and body segments,

Wing. - To obtain the basic wing box structure weight, the unit weights are inte-
grated over the entire wing box areas as pictorially displayed in Figure 15-9,

Assessment is also madz of special structural items, access doors, systems provi-
sions and other non-optimum items. The summation of the basic box structure, con-

trol surfaces, leading and trailing edges, result in the total wing group weight.

Fuselage., = In a similar manner to that described for the wing, four body analysis
areas were selected to investigate the three candidate structural concepts of Task I.
Interpolation between these areas provide sufficient information to derive a total
basic shell structural weight. Special structural features are added to the basic
shell structure to derive the total body weight. The procedure employed is out-

lined in Figure 15-10.

WING STRUCTURE MASS-INITIAL SCREENING

Analysis regions for the initial screening of the candidate structural concepts are

indicated in Figure 15-9., They are described as follows:
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1 \\j—’////ITOTAL
= i WING SEGMENT
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w
2| \_l_—~BODY SEGMENT
i
] ——
41036 SPAR/FRAME SPACING
SELECT SPACING
| AnALYSIS, y 40322
= UNIT WT. US!NG UNIT wrs € 42 ~5
4= UNIT AREA y. LOAL z
V MeoSTEMpAZ— T — TS
/ o 2y
40536 42 o
Z z

40236

2} i 4¢ =BASIC BOX STRUCTURE MASS
PLUS: BODY & OUTB'D JOINT RIBS, MLG WELL STR, ENG. & V. FIN RIB
FLAP, AILERON, SPOILER SUPT. STR.
FUEL BULKHEADS, ACCESS DOORS
JACK FTG'S, FAIRINGS, FILLETS, SEAL. & FINISH
LOCAL REINF., FASTENERS, SHIMS & CLIPS
PROVISIONS FOR SYSTEMS

TOTAL = BOX STRUCTURE MASS

PLUS: L.E.&FLAPS
T.E. & FLAPS, SPOILERS, AILERONS
BODY FAIRING
MLG DOORS

TOTAL = WING MASS

Figure 15-9. Wing Mass Estimation Methodology
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l=— SELECT SPACING
|
i

\_.I.-/ 7 ,
A 7

FRAME SPACING P L’

UNIT MASS

|
4.064 19.05 50.80 63.50
(160) (750) ‘\\\\\\\ (2000} (2500) ‘} 30001
\ !
E ANALYSIS AREAS i <
W, =UNIT MASS IRENGEAN

Si = UNIT AREA

n
? W;S; = BASICSHELL STRUCTURE MASS

PLUS: NOSE AND FLIGHT STATION
NOSE LANDING GEAR WELL
WINDSHIELD AND WINDOWS
FLOORING AND SUPPORTS
DOORS AND MECHANISM
UNDER WING FAIRING
CARGO PROVISIONS
WING/BODY FRAMES AND FITTINGS
TAIL/BODY FRAMES AND FITTINGS
PROV. FOR SYSTEMS
FINISH AND SEALANT

TOTAL = FUSELAGE MASS

Figure 15-10. Fuselage Mass Estimation Methodology
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Point Design Area

Region Location (3q. Ft.)
Lo322 ' Forward Box Ly h
L0536 Aft Box 35.6
41348 . Tip Box : 10,3

By interpolation from the analysis point design regions, unit weights for each con-
cept are applied to the panel areas shown in Figure 15-11 to derive the total box

structural weight.

The initial screening data includes a non-optimm allowance for surface-to-cap
joints of approximately L-percent. Additional non-optimum allowances are applied
to the box weight to arrive at a typical estimate of the "as-constructed"” weight.
These non-optimum allowances are itemized as:

Non optimum
Factor (NOF)

Joints and splices to surface panels T-percent
Margins of safety (average) 3-percent
Sheet tolerances 2-percent
System provisions (Electrical, Fuel Controls) S-percent
Access provisions (one surface only) f-percent
Finish, sealant, misc. 3-percent

Total NOF 26-percent

Use of these allowances, for example, means that a stress analysis which indicates
a Tive pound-per-square-foot panel yields an estimated fabricated weight of

(1.26 x 5.0) = 6.3 pounds per square foot.

For comparison purposes, the wing weight was divided into two major categories:
e Varisble weight

e Tixed weight

The variable weight consists of that portion of the box structure which is influ-
enced by the structural concept being considered, such as the upper and lower sur-

faces and intermediate ribs and spars.

The fixed weight consists of those items which are unaffected by box structural
concept, such as main landing gear provisions, surface controls, engine support

structure, leading and trailing edge structure.
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The least weight concept for each stiffening arrangement is listed in Table 15-21.
From this table, it appears that the convex beaded, chordwise stiffened arrangement
with composite reinforced spar cap is preferred throughout the wing box. BSubse-
gquent fiutter optimization resulted in the monocoque arrangement to be preferred for

the tip structure from the least weight viewpoint,

Chordwise Stiffened Design Concepts

The chordwise stiffened designs employ surface panel concepts that have stiffening
elements oriented in the chordwise direction. The substructure arrangement is
essentially a multispar structure with widely spaced ribs. Submerged caps are pro-
vided except at panel closeouts and at fuel tank bulkheads. Four surface panel con-
cepts were considered (see Section 1 Structural Design Concepts):

e (Circular-arc concave beaded skin

e Circular-arc convex beaded skin

e Trapezoidal corrugation-concave beaded skin

e Beaded corrugation - concave beaded skin

The resulting wing weights are summarized in Table 15-22, The convex beaded con-
cept was found to be significantly lighter than the others evaluated. 1In all
cases, the spar weights are relatively heavy since the surface panels are ineffec-

tive in transmitting the wing span bending loads.

A general expression for deriving box panel unit weights, using the three analysis

point design regions as a starting point, is based on the following parameters:

e Inplane loads: N_, N , N
X Xy

y
e Pressure loads: Ap

The e.pression for the convex beaded optimum panel weight is:

w(1b/ft?) = ('le + lNyl + l2 nyl + 350|Aq4) = (2190)

Where,
N = axial chordwise load (1b/in)
Ny = axial spanwise load (1b/in)
ny = panel shear flow (1b/in)
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TABLE 15-21. SUMMARY OF WING MASS - INTTIAL SCREENING
PLAN CHORDWISE | SPANWISE MONOCOQUE CHORDWISE
AREA CONVEX HAT H/C SAND. COMPOSITE
(£12) ITEM BEADED STIFFENED WELDED REINFORCED
VARIABLE WEIGHT (A) 56,655 62,176 50,796 43,624
1231 | CENTER SECTION (BL 0=62) (8,722) {9,380) (8,274) (6,716)
UPPER SURFACE 1,570 3,377 2,482 1,570
LOWER SURFACE 1,570 3,518 2,532 1,570
SPARS 4,884 1,041 2,325 2,878
RIBS 693 1,444 935 698
5038 | INTERM. PANEL (BL 62-~470) (39,296) (43,478) (35,514) {30,258)
UPPER 7,073 15,652 10,654 7,073
LOWER 7,073 16,304 10,867 7,073
SPARS 22,006 4,826 9,980 12,963
RIBS 3,144 6,696 4,013 3,144
896 | OUTERPANEL (BL 470~TIP) (8,637) (9,318) {7,008} {6,650)
UPPER 1,555 3,355 2,102 1,565
LOWER 1,555 3,494 2,145 1,555
SPARS 4,837 1,034 1,969 2,850
RIBS 690 1,435 792 690
FIXED WEIGHT {41,352) - (41,352)
1047 | LEADING EDGE 5,235 5,235
1955 | TRAILING EDGE 4,888 4,888
BL 62 RIBS 1,430 1,430
BL 470 RIBS 700 700
FIN ATTACH RIBS 435 435
REAR SPAR 3,400 3,400
ENG. SUP'T STRUCTURE 3,580 3,580
484 | MLG DOORS 2,904 2,904
— WHEEL WELL AND ATTACH. 3,750 3,750
800 | WING/BODY FAIRING 1,600 1,600
133 | LE FLAPS 1,130 1,130
553 | TE FLAPS 5,890 5,890
250 | AILERONS 1,250 1,250
225 | SPOILERS 1,360 1,360
FUEL BULKHEADS 3,800 3,800
TOTAL (STRENGTH DESIGN 98,007 103528 92,148 84.976

ONLY)

(A) BASED ON 20-INCH SPAR OR RIB SPACING
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TARLE 15-22.

ESTIMATED WING MASS - CHORDWISE STIFFENED

CONCEPT - INITIAL SCREENING

CONCAVE CONVEX TRAPEZOID TRAPEZOID
ITEM BEADED BEADED NO BEAD BEADED
VARIABLE WEIGHT: (58,660} (56,655) (60,236} (61,743)
CENTER SECTION {9,030) (8,722} (9,273) (9,505)
UPPER SURFACE 1,716 1,570 1,762 1,801
LOWER SURFACE 1,716 1,570 1,762 1,901
SPAR CAPS AND WEBS 4,876 4,884 5,007 5,038
RIBS 722 698 742 665
INTERM. PANEL (BL. 62— 470) (40,687} (39,296) {41,780) {42,825)
UPPER SURFACE 7,730 7,073 7,938 8,565
LOWER SURFACE 7,730 7.073 7,938 8,565
SPARS 21,970 22,006 22,561 22,697
RIBS 3,257 3,144 3,343 2,998
OUTER PANEL (BL. 470 —~TIP) (8,943) (8,637) {9,183) {9,413}
UPPER SURFACE 1,699 1,555 1,745 1,883
LOWER SURFACE 1,699 1,555 1,745 1,883
SPARS 4,829 4,837 4,959 4,989
RIBS 716 690 734 658
FIXED WEIGHT: {41,352) (41,352}
LEADING EDGE 5,235 5,235
TRAILING EDGE 4,888 4,888
B.L. 62 RIBS 1,430 1,430
B.L. 470 RIBS 700 700
FIN ATTACH RIBS 435 435
REAR SPAR 3,400 3,400
ENG. SUP'T. STRUCTURE 3,580 3,580
MLG DOORS 2,904 2,904
WHEEL WELL AND ATTACH. 3,750 3,750
WING/BODY FAIRING 1,600 1,600
LE FLAPS 1,130 1,130
TE FLAPS 5,890 5,890
AILERONS 1,250 1,250
SPOILERS 1,360 1,360
FUEL BULKHEADS 3,800 3,800
TOTAL {STRENGTH DESIGN 100,012 98,007 101,588 103,095
ONLY)
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Aap = (rﬁpul + y&;wl), pressure load for combined upper and lower surfaces
(lb/ine)
The total variable weight, then, after interpolating to determine each box panel

unit weight is:

W o=(Z LA Si)(l.26) (Reference Figure 15-9)

For the convex beaded concept:

Yy _ 56,655 (1b)

box 7,165 (fte)

W= 56,655 pounds; w =

ave 5 = 7.91 psf

This result is based on the unit weights for the three analysis regions as tabulated

below:
Point Design Re ions(A) w
: € € ave
incl. 1.2
PANEL CONCEPT L0322 40536 41348 <ln§OF) 6
Unit Weights~ Pound per square foot
Conceve~Beaded L.10 11.45 9,85 8.19
Convex-Beaded 3.80 11.30 9.75 7.91
Trapezoidal Corrugation L 35 11.55 9.90 B.h1
Beaded Corrugation L.60 11.60 10,00 8.62

(A) Unit Weights do not include non optimum factor (NOF)

The total variable weight for the other concepts was facilitated by deriving a gen-

eral expression, where:

S
_ [ Zpox \)
wv - (5'17) [3(w240322 + (wll-0536) + (wh13h8)] 1.26

Temperature variation between panels is small and has negligible effect on the
process of weight interpolation, since the structural concept for each point design
already accounts for the effects of thermal stresses. For this reason, weight
interpolation has been performed as a function of inplane loads and normal pressure

loads.
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Spanwise Stiffened Design Concepts

The spanwise stiffened wing concept is a multirib design with closely spaced ribs
and widely spaced spars. The surface panel configurations have effective load car-
rying capability in their stiffened (span) direction. Smooth skins are requiresd
for aerodynamic performance. The four spanwise stiffened designs investigated are
as follows:

® Zee stiffened

e Integral zee stiffened

e Hat stiffened

e Integral stiffened

Their comparative weights are summarized in Table 15-23. As indicated on the
table, the hat stiffener concept is the least weight. In all cases, the spar
weights are relatively light, compared to the chordwise stiffened designs due to

the ability of the surfaces to carry spanwise inplane loads.

A general expression for deriving box panel unit weight is:

w(1b/ft°) = [(| Nx‘ + |Ny| + |2ny| + 350|Ap| ) + (2190)]

where:
N_ = axial chordwise load (1b/in)
Ny = axial spanwise load (1lb/in)
ny = panel shear flow (1b/in)
Ap = pressure load (1b/in2)

Unit weights for each analysis panel of the four structural concepts are from

Section 12 and are summarized below:

Point Design Region(A) wave
incl. 1.26
Panel Concept ko322 L0536 41348 (ln§OF)

Unit Weight ~ Pound Per Square Foot (psf)

Zee stiffened 4,95 13.30 8.55 8.77
Integral zee k.70 13.80 8.50 8.69
Hat stiffened 4.70 13.75 8.50 8.68
Tntegral stiffened 5.40 1k4.25 9.65 9.58

(A) Unit weights do not include non optimum factor (NOF)
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TABLE 15-23. ESTIMATED WING MASS - SPANWISE STIFFENED CONCEPT - INITIAL SCREENTNG

ZEE INTEGRAL HAT INTEGRAL
ITEM STIFFENED ZEE STIFFENED STIFFENED
VARIABLE WEIGHT {62,827) (62,248) (62,176) {68,601)
CENTER SECTION (9,479) (9,393) 9,380) (10,353)
UPPER SURFACE 3,659 3,428 3,377 4,286
LOWER SURFACE 3,327 3,475 3,518 3572
SPAR CAPS AND WEBS 1,043 1,043 1,041 1,046
RIBS 1,450 1,447 1,444 1,449
INTERM. PANEL (BL 62 —~470) (43,931) (43,528) (43,478) (47,962)
UPPER SURFACE 16,957 15,888 15,652 19,856
LOWER SURFACE 15,420 16,105 16,304 16,547
SPARS 4,832 4,832 4,826 4,844
RIBS 6,722 6,703 6,696 6,715
OUTER PANEL (BL 470 —TIP} (8,417) (9,327) (9,318) (10,286}
UPPER SURFACE 3,635 3,404 3,355 4,258
LOWER SURFACE 3,305 3,451 3,494 3,549
SPARS 1,036 1,036 1,034 1,039
RIBS 1,441 1,436 1.435 1,440
FIXED WEIGHT (41,352) (41,352)
LEADING EDGE 5,235 5,235
TRAILING EDGE 4,883 4,883
B.L. 62 RIBS 1,430 1,430
B.L. 470 RIBS 700 700
FIN ATTACH RIBS 435 435
REAR SPAR 3,400 3,400
ENG. SUP'T. STRUCTURE 3,580 3,580
MLG DOORS 2,904 2,904
MLG WHEEL WELL AND ATTACH. 3,750 3,750
WING/BODY FAIRING 1,600 1,600
LE FLAPS 1,130 1,130
TE FLAPS 5,890 5,890
AILERONS 1,250 1,250
SPOILERS 1,360 1,360
FUEL BULKHEADS 3,800 3,800
TOTAL (STRENGTH DESIGN 104,179 103,600 103,528 109,953
ONLY)
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Total variable weight after interpolating to determine each box panel weight is:

n

W= z v, s,) (1.26)
1

. For the hat stiffener concept, total variable weight is 62,176 pounds, This

results in an average box unit weight of 8.68 pounds per square foot:

v (1b/£t°) = [(62,176) - (7165)] = 8.68
ave
Total variable weight for the other structural concepts was facilitated by deriving

a general expression where:

s
_ box
W, = (5.275) [(3 Y0322 T Yho536 * "’h13h8) 1.26

The weight distribution between center, intermediate and tip box structure was
taken to be proporticnal to that found in the hat stiffened concept. Weight dis-
tribution between surfaces, ribs and spar is based on the structural analysis data

of Section 12,

Monocoque Design Concepts

The monocoque construction consists of biaxially stiffened panels which support the
principal load in both the span and chord direction. For the substructure arrange-
menﬁ, both multirib and multispar designs were evaluated. The initial screening

and detailed analysis mass estimation of these concepts were performed concurrently

and are reported in Monocoque Wing Design section.

WING STRUCTURE MASS-DETATLED CONCEPT ANALYSIS
As a result of the initial screening process, each of the most promising concepts

were investigated further through the analysis of three additional point design

regions. The results of this analysis effort is summarized in Table 15-24,
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' WING MASS - DETATLED CONCEPT ANALYSIS

ARRANGEMENT CHORDWISE SPANWISE MONOCOQUE HYBRID
SURFACE PANEL CONVEX-BEADED | HAT HAT HONEYCOMB SAND. | gecr
? COMB-

MATERIAL SYSTEM Ti1-6A1.4V | COMPOSITE REINF.| T1-8A1-4V TI-6A14V NATION

CONCEPT NO. (ASSET) ONEORECRNONNONNONNO

VARIABLE WEIGHT 64,658 |48,082 | 53,487 63,482 50,978 53,794 47,268

FORWARD BOX 22,090 |[20580 | 24,184 25,364 21,982 24,057 | 20,580
SURFACES 9,545 | 9,452 | 14,655 15,842 14,656 14,386
SPARS 9,975 | 8,558 6,959 3,913 4,616 5,965
RIBS 2,570 | 2,570 2,570 5,609 2,710 3,706

= AFT BOX (FS 2330 TO 2640} 29,016 |17,384 | 18,592 25,242 19,692 20,153 17,384
SURFACES 7,622 | 7,302 9,225 20,947 13,984 13,824
SPARS 19,880 | 8,568 7,853 2,243 4,060 4,416
RIBS 1514 | 1514 1,514 2,052 1,648 1,913

TIP BOX (BL 470 TO TIP) 13,552 |10,118 | 10,711 12,876 9,304 9,584 9,304
SURFACES 6,464 | 6,397 7,166 10,965 8,059 8,059
SPARS 6,405 | 3,038 2,862 914 928 1,044
RIBS 683 683 683 997 317 481

TOTAL REINF. COMPOSITE (5,480) |(10,668)

FIXED WEIGHT {41,352) {41,352)
LEADING EDGE 5,235 5,235
TRAILING EDGE 4,888 4,888
B.L. 62 RIBS 1,430 1,430
B.L. 470 RIBS 700 700
FIN ATTACH RIBS 435 435
REAR SPAR 3,400 3,400
ENG. SUP'T. STRUCT. 3,580 3,580
MLG ~ DOORS 2,904 2,904

~SUP'T. STRUCT 3,750 3,750
WING/BODY FAIRING 1,600 , 1,600

LE FLAPS 1,130 1,130

TE FLAPS 5,890 5,890
AILERONS 1,250 1,250
SPOILERS 1,360 ; 1,360
FUEL BULKHEADS 3,800 3,800
TOTAL WING WEIGHT 106,010 | 89,434 | 94,839 104,834 92,330 95,146 88,620

NOTES:

1. ASSEMBLY JOINING FOR ALL CONCEPTS (EXCEPT CONCEPT (4) ) IS MECHANICALLY
FASTENED. CONCEPT(4 S WELDED. .

CONCEPT(E)- COMPOSITE REINFORCED (B/PI} SPAR CAPS ONLY
CONCEPT(G)- COMPOSITE REINFORCED SPAR CAPS AND SURFACE PANELS
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For all-metallic construction, the mechanically fastened monocogue concept is least
weight. However, the application of composite reinforcing (boron-polyimide) to the
spar caps of the chordwise stiffened concept makes its variable weight lowest by
almost 3000 pounds per aircraft, Furthermore, the best combination from a weight
standpoint is an all-metallic, mechanically fastened-monocoque design for the wing
tip structure with the forward and aft boxes constructed of convex beaded, chord-

wise stiffened surface panels with composite reinforced spar caps.

Chordwise Stiffened Wing Design

Analysis results of the 3 additional point design regions plus the three point
design regions used in the initial screening are used to provide a better basis for
evaluation of the variable weights of the wing box weight. The additional regions

are described as follows:

Point Design Ares
Region Location (Ft2)
40236 Aft box 35.0
41036 Aft box LL.h
L1316 Tip 11.9

The loads and unit weights for all six point design regions are compared in

Table 15-25, The optimum unit weight from stress analysis is compared to the esti-
mated unit weight derived from the modified loading parameter equation. This equa-
tion was used to calculate unit weights for the remaining box panels and

re-evaluate the total variable weight.

Panel weights resulting from the detailed concept analysis are shown in Figure 15-12,

These are optimum weights based on strength requirements only.

Fail-safe requirements for each point region are shown in Table 15-26. This data
was converted to an average fall-safe penalty for each of the three point designs.
Figure 15-13 indicates that the faill-safe increment is primarily applied to the
spar web and clips (85-percent) with the remainder (15-percent) applied to the sur-

face panels.

Flutter suppression requires the addition of the increment shown in Figure 15-1L.

For the chordwise stiffened design 2938 pounds per aircraft is reguired.
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TABLE 15-25.

PANEL LOAD AND UNIT WEIGHT - CHORDWISE STIFFENEL DESTGN

PANEL UNIT WEIGHTS

INPLANE LOADS | PRESSURE LOADS | TOTAL PANEL ESTIMATED
POINT Ny UPR. lLJ;vi WEIGHTS
DeEsiGN | Ny (bfin) | LWR_ | (b/in?) SPARS (/) wpaneL A
REGION | Nyy > RIBS (Ib/ft?)
40322 488 -8.33 3.80 3.82
-1,063 -9.47 0.83
-120 17.80 0.94
1.53 (8}
0.50
40236 658 -8.96 12.08 12.55
~16,387 -10.14 1.03
-1,316 19.10 1.25
9.15 (B)
0.65
40536 -1,305 -7.47 11.30 12.33
-14,379 -8.29 1.61
~2,354 15.76 1.34
7.75 (B)
0.60
41036 -1,442 -1.27 8.25 7.40
-9,156 0.11 1.35
-2,237 1.38 1.45
4.95
0.50 (B)
41316 571 4.98 15.38 13.81
~16,982 -0.26 2.60
+4,807 5.24 2.05
10.13
0.60 (B)
41348 -1,433 -5.07 9.75 9.20
~10.800 1.0_ 1.63
2,483 6.07 1.32
6.20
0.60 (B)

(&) Wpanger = [INx| *+ INy| + [2Nyy| + 350japl] = 2100

(B} INCLUDES STRESS NON OPTIMUM FACTOR
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DETAILED CONCEPT ANALYSIS

TABLE 15-26. CCOMPONENT WEIGHT DERIVATION - CHORDWISE STIFFERED DE3IGH -

UNIT WEIGHTS (psf)
PANEL NO. SURFACES SPARS FAIL-SAFE RIBS TOTAL
' (B)
]
. 40322 1.77 1.53 (0.10) 0.50 3.80
40236 2.28 9.15 (1.75) 0.65 12.08
40536 2.95 7.75 (0.93) 0.60 11.30
— 41036 2.80 4.95 {0.56) 0.50 8.25
*’ 41316 4.65 10.13 (1.00) 0.60 15.38
41348 2.95 6.20 (0.41) 0.60 9.75
UNIT WT. BOX WT.
{psf) {Ib)
FWD. BOX (AREA = 4136.6 ftZ/AIRCRAFT) TOTAL = 5.340 22,090
FAIL-SAFE
SURFACES 0.122 (1.77 X 9 + 2.80) + 0.0225 2.3075 9,545
SPARS  0.122 (1.53 X 9 + 4.95) + 0.1275 2.4113 9,975
RIBS 0.122(0.5X9+05) + 0.0112 0.6212 2,570
AFT BOX (AREA = 2132.4 #t2/AIRCRAFT) TOTAL = 13.067 29,016
FAIL-SAFE
SURFACES 0.3162 (2.28+2.95+2X 2.80) +  0.150 = 3.574 7,622
SPARS  0.3162(9.15+7.75+2X4.95) +  0.850 = 9.323 19,880
RIBS 0.3162 (0.65 + 0.60 + 2 X 0.50) + 0 0.710 1,514
TIP BOX (AREA = 896 #t2/AIRCRAFT) TOTAL = 15.125 13,562
FAIL-SAFE,
SURFACES 0.3465 (4.65+2.95+2X 1.77) + 0075 = 3.935 3,526
FLUTTER INCREMENT = 3.279 +2,938
SPARS  0.3465(10.13+6.20+2X 1.53) +  0.430 = 7.149 6,405
RIBS 0.3465 (0.6 + 0.6 + 2 X 0.5) + 0.762 683

_ (A} 20-INCH SPAR SPACING

(B} WEIGHT INCLUDED IN SURFACES, SPARS, AND RIBS
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Figure 15-13. Component Weight Penalties for a Damaged Spar Cap Chordwise Arrangement
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A build-up to total box weight, including the above increments is tabulated in

Figure 15-15. Cumulative plots of the "strength' weight versus span are al'so shown.

From the total box weight of Figure 15-15, equations were developed to express the
average box unit weight in terms of the detailed stress analysis point design region

unit weight:

(lb/ftQ) 0.1220 (9w

Yewd box hozoe T Wh1036)

4 -2 <,
¥art box (101 ) 0.3162 (”h0236 * Vigs36 * 2¥41036)

2
v ©o/ft . + +
“eip vox (107 ) = o365 (1316 * 138 240322)
These equations are used in Table 15-26 to derive the component weight breakdown

shown in Table 15-2k.

Spanwise Stiffened Wing Design

The detailed concept analysis weights for the hat stiffened concept are obtained by
incorporating into the estimation procedure, the results of the 3 additicnal point

design regions (L0236, 41036 and L1316).

The loads and unit weights for all 6 point design .egions are compared in Table 15-2T.
The optimum unit weight from stress analysis are compared to the estimated unit
weight derived from the modified loading parameter equation. This equation

(Table 15-27) was used to calculate the unit weights for the remaining box panels

and to reevaluate the total variable weight.

Panel weights resulting from this analysis are shown in Figure 15-16. These are
optimum weights based on strength requirements only. No fail-safe increments are

required for the spanwise stiffened design.

Flutter suppression requires the addition of the increment shown in Figure 15-1b to
the wing tip structure. For the spanwise stiffened design 2928 pounds per aircraft

is required to achieve the required flutter margin.

15-58



CHORDWISE STIFFENED - CONVEX BEADED

WEIGHT/SIDE (LB.)

. FWD. BOX AFT BOX TIP BOX
STRENGTH ONLY 8,520 10,668 4,034
NON-OPTIMUM +2,215 +2,774 +1,049
i L FAIL-SAFE +310 +1,066 +224
- FLUTTER - - +1,469
= TOTAL 11,045 14,508 6,776
12
10668
(10.01
psf) \
10 :
8520
(4.12
psf)
8
o
-l
) AFT BOX
= "
5 6
w
3
73]
2
-
g
-
g 4 4034 ,
3 (9.00 |
&) mﬂl
=z
s | |
\ 2667 \
2
FWD. BOX | \ : \
0 ) }—
0 200 400 o 600 800 1000
<
B.L.~ IN. DIST. ALONG REAR BEAM ~ IN.

Figure 15-15. Wing Structure Mass Estimate for Chordwise Stiffened Design
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TABLE 15-27.

PANEL IOAD AND UNIT WEIGHT - SPANWISE STIFFENED DESIGH

PANEL UNIT WEIGHTS
TOTAL
INPLANE LOADS | PRESSURE LOADS olat PANEL ESTIMATED
Ny UPR. UPR WEIGHTS
N Ib/in) | LWR (ib/in?) LWR {ib/ft?) w (A)
PANEL Y n- = n SPARS PANE;
NO. Nyy E: RIBS (Ib/ft?)
40322 : 1" -8.33 4.70 3.81
-1,185 -9.47 1.50
—290 17.80 1.20
0.80
1.20
40236 306 -8.96 12.75 13.84
16,986 -10.14 4.80
~2,542 19.10 5.20
1.40
1.35
40536 518 —-7.47 13.75 14.66
—16,409 -8.29 5.20
—~4,174 15.76 6.35
1.10
1.10
41036 —450 1.27 9.25 8.04
—9,499 0.11 3.70
-3,227 1.33 4.20
0.75
0.60
41316 163 4.98 13.78 13.53
—17,949 0.26 5.70
4,292 5.24 6.35
1.13
0.60
41348 —-1,028 5.07 8.50 8.60
—9,412 1.0 3.40
—2,750 6.07 3.65
0.55
0.90
&) Wpaner = [INx] + [Nyl * [2Nxyl + 350 ap|] +2100
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A tuildg-up of the total wsight for each box serzment is tabulated on Figure 15-17.

Cumulative plots of the strength-design welgrnts versus span are also shown.

Monocogue Wing Design

This section presents the initial screening and detailed concept analysis mass esti-
mation results for the monocoque designs. The three surface panel concepts investi-

gated are as follows:
e Honeycomb sandwich - aluminum vrazed - welded closures
e Honeycomb sandwich - aluminum brazed - mechanical fasteners
e Truss-core sandwich - mechanical fasteners

The relative weights for these 3 concepts are shown in Figure 15-18. These initial
weights are for a 20-inch spar spacing and do not include allowance for weight incre-
ments for fail-safe design or flutter suppression. The data shown on Table 15-28
includes allowance for fail-safe and flutter suppression requirements. Appropriate
spar spacing, as shown on the structural arrangement drawings of Section 18, are also

congidered in determining the detailed weights presented.

The basic unit weight data resulting from the detailed concept analysis are precented
in Section 12 for the monocoque designs. These data identify unit weight of the
surface panels, substructure, and combined surface panels and substructure at each

point design region for strength reguirements.

The scaling equation used for weight interpolation between the design analysis panels

is shown in Table 15-29 for the welded closure concept:

w (/188 = [(lqul +| Nyl +| 2nyl+ 350|Ap!)+(3000)]

with the notation as described earlier for the Chordwise Stiffened Design Concepts.
Panel weights resulting from this interpolation process are shown.,in Figure 15-19 for

the welded closure design.

Weight equations were developed for the wing forward, aft and tip box areas which

depend upon the detail stress analysis at each point design region:
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SPANWISE STIFFENED - HAT SECTION

WEIGHT/SIDE (LB.)

— FWD.BOX | AFTBOX TIP BOX
STRENGTH ONLY 10,065 10,017 3,948
- 2,617 2,604 1,026
oo FLuTT 1,464
9.395 PSF) TOTAL 12,682 12,621 6,438
(A} 10,017
(F) 10,065
10
(4.866 PSF)
8
[}
Q
3 AFT BOX
2 /
g 6
!
[
I
Q
D
z
s 4 3948
3 \ (8.812 PSF)
© |
S I
- |
2344
// l
2 r e
FWD. BOX \ \
0 3 1] \‘
0 200 400 R 600 800 1000
<
B.L. ~IN. l DIST. ALONG REAR BEAM ~ IN.

Figure 15-17. Wing Structure Mass Estimate for Spanwise Stiffened Design
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TABLE 15-28. ESTIMATED WING MASS - MONOCOQUE DESIGN CONCEPT
HONEYCOMB HONE YCOMB
ITEM MECH. FAST. WELDED TRUSSCORE
VARIABLE WEIGHT  {Ib) 60,978 53,794 59,066
FORWARD BOX {1b) (21,082) (24,057) (28,667)
SURFACES 14,656 14,386 20,104
SPARS 4,616 5,965 5,502
RIBS 2,710 3,706 3,061
AFT BOX {ib) (19,692) (20,153) (20,748)
SURFACES 13,984 13,717 14,948
SPARS 4,060 4,523 3,945
RIBS 1,648 1,913 1,855
TIP BOX (1b) (9,304) (9,584) (9,661)
SURFACES 8,059 8,059 8,424
SPARS 928 1,044 806
RIBS 317 481 421
FIXED WEIGHT (1b) 41,352 41,352 41,352
TOTAL WING WEIGHT (ib) 92,330!AD) 95,146'8)(D} 100,418(C){D)

(A} INCLUDES A FAIL-SAFE WEIGHT INCREMENT OF 752 LBS.
(B) INCLUDES A FAIL-SAFE WEIGHT INCREMENT OF 567 LBS.
(C) INCLUDES A FAIL-SAFE WEIGHT INCREMENT OF 454 LBS.
(D} INCLUDES A FLUTTER WEIGHT INCREMENT OF 2,340 LBS.

15-65




TABLE 15-29.

PANEL LOAD AND UNIT WEIGHT - MOKOCOQUE WELDED DESIGN

PANEL UNIT WEIGHTS
TOTAL
INPLANE LOADS | PRESSURE LOADS ——-—UPR PANEL ESTIMATED
Ny UPR. LWR WEIGHT
: N (bfin} | LWR (Ibfin?) (Ib/ft?) (A)
PANEL Y : LWR. SPARS WpANEL
NO. Nyy > RIBS (Ib/ft?)
40322 51 -8.33 4.47 2.40
-529 -9.47 1.14
—191 17.80 0.98
1.65
0.70
40236 -1,193 -8.96 8.60 7.91
~11,638 -10.14 2.51
—2,099 19.10 2.91
2.22
0.96
40536 -3,272 -7.47 8.64 10.05
—11,787 —8.29 2.92
—4,795 15.76 3.30
1.72
0.70
41036 —-2,219 1.27 5.37 5.18
—6,423 0.1 1.87
-3,209 133 1.94
1.09
0.47
41316 —1,587 498 7.25 7.40
—-12,183 0.26 2.71
+3,310 5.24 3.14
1.01
0.39
41348 -1,190 5.07 5.70 5.72
—7,263 1.0 2.02
+3,285 6.07 2.24
1.12
0.33

(A) WpanEeL = [|Nx| + |Ny| *+ [2Nxy| + 350|Ap|] -+3000
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£b ko (10302 * Wu1036)

ab - Sap (Wb0236 * Yhos36 Wu1036)

b - Ftb (wh1316 * 2“&13&8)

Using the welded closure configuration as an example, Table 15-30 presents the method
used to derive component weights shown in Table 15-31 and summarized in Table 15-28,

The basic data used for the analyses are presented in Table 15-32.

The damage tolerance and flutter suppression weight increments are superimposed on
the above results. A flutter penalty of 2340 pounds is identified in Figure 15-1h
for the monocoque design. This value is an estimated amount over the strength-
design requirements to be applied to the stiffness critical wing tip structure.
Fail-safe critical areas are identified for both the wing tip {inbocard) and the aft
box in Figure 15-20. The weight increment is based on fail-safe analysis of the

2 point design regions indicated. The results of these analyses, as shown in
Section 13, indicates that sizable penalties are required to meet the fail-safe
requirements. However, the use of the fail-safe reinforcement provides additional
cross sectional area which reduces the spanwise (Ny + 1.5 T) limit stress level
from 52 ksi to 35 ksi or approximately 33 percent. This permits further reduction
of the surface panel thickness and fail-safe reinforcement. This load redistribu-
tion process results in a surface panel thickness and fail-safe reinforcement com-
bination shown on Table 15-33 and 15-34 for point design regions 40536 and L1348,
respectively. As indicated on the tables, these results are applied to establish
the mass increment to satisfy the fail-safe requirements for the wing aft box and
tip box structure. The applicable areas (Figure 15-20) were obtained by reviewing
the critical inplane loads and surface panel thicknesses and comparing the resulting
1imit stresses to the stress levels at the respective point design regions. The
tables further define the weight increment for the various insert/closures used
with the honeycomb panel design. It is noted that the welded closure method requires
a smaller fail-safe increment than the mechanically fastened approach. Also, the
welded method results in 540 pound reduction in fuel tank sealant in the forward
and aft boxes. Unfortunately, the panel edges required for sufficient weld thick-
ness and module-approach of assembly results in the welded design to be three-

percent heavier than the mechanically fastened design.

15-68



TABLE 15-30. COMPONENT UNIT WEIGHT DERVIATION - MONOCOQUE WELDED DESIGN
OPTIMUM UNIT WT.
OPTIMUM BOX PLANFORM - UNITWT. NONOPT  _  (INCLN.O.F)
WEIGHT (lb/side) AREA (ft%/side) {psf) FACTOR (psf)
FWD 9508 2068.3 4597 1.26 5.792
AFT 7871 1066.2 7.382 1.26 9.302
TIP 2781 448.0 6.207 1.26 7.821
A
UNIT WEIGHT EQUATION (20-inch SPAR SPACING):
we = 0.180 (6 X 4.47 + 5.37) = 5.792 psf
W, = 0.4114 (8.6 + 8.64 + 5.37) = 9.302 -
W, = 04194 (7.25 +2 X 5.70) = 7.821 J
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TABLE 15-31.

ESTIMATED WING STRUCTURE MASS - MONOCOQUE (WELDED} CONCEPT

UNIT BOX
WEIGHT WEIGHT
ITEM (psf) (Ib)
FWD. BOX (AREA = 4136.6 ft2/AIRCRAFT) TOTAL = 5.816 24,057
w = 0.180 (6 X 2.63 + 3.9) = 3.543 14,656
SURFACES { repUCED TANK SEALANT REQUIREMENT = 0.065 -270
SPARS w = 0.180 (6 X 1.16 + 1.05) = 1.442 5,965
RIBS w = 0.180 (6 X 0.75 + 0.48) = 0.896 3,706
AFT BOX (AREA = 2132.4 #t2/AIRCRAFT) TOTAL = 9.451 20,153
REDUCED TANK SEALANT REQUIREMENT = 0.125 267
SURFACES ) = 0.4114 (554 + 6.5 + 3.9) = 6.558 13,984
w = 0.4114 (2.08 + 1.54 + 1.05) = 1.921
SPARS {FAIL-SAFE PROVISIONS 0.20 } 4,523
RIBS w = 0.4114 (1.00 + 0.70 + 0.48) = 0.897 1,913
OUTER BOX (AREA = 896 ft2/AIRCRAFT) TOTAL = 10.697 9,584
w = 0.4194 (6.22 + 2 X 4.50) - *6.383 5,719
SURFACES {FLUTTER PREVENTION - 2.612 +2,340
w = 0.4194 (0.72 + 2 X 0.85) = 1.015} 1044
SPARS FAIL-SAFE PROVISIONS - 0.150 .
RIBS w = 0.4194 (0.48 + 2 X 0.40) = 0.537 481
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TABLE 15-32. BASIC UNIT WEIGHT DATA FOR MONOCOQUE CONCEPTS

o UNIT WEIGHTS (psf) -
DESIGN POINT SPAR
CONCEPT DESIGN SPAC. {in.) SURFACES SPARS RIBS TOTAL
— 4
= HONEYCOMB 40322 34.0 2.63 1.16 0.75 4.54
: SANDWICH 40236 234 5.54 2.08 1.00 8.62
BRAZED-
WELDED 40536 23.4 6.50 1.54 0.70 8.74
41036 23.4 3.90 1.05 0.48 5.43
41316 35.0 6.22 0.72 0.48 7.42
41348 30.0 4.50 0.85 0.40 5.75
- HONEYCOMB 40322 34.0 2.63 0.86 0.54 4.03
SANDWICH 40236 23.4 5.54 1.85 0.88 8.27
BRAZED-
MECH. 40536 23.4 6.50 1.35 0.60 8.45
FASTENERS 41036 23.4 3.90 0.82 0.40 5.12
41316 36.0 6.22 0.56 0.34 7.12
41348 30.0 4.50 0.74 0.26 5.50
— TRUSSCORE 40322 34.0 3.75 1.10 0.60 5.45
:,.:':';E.WICH 40236 23.4 5.85 1.90 0.90 8.65
FASTENERS 40536 23.4 6.70 1.35 0.70 8.75
41036 23.4 4.50 0.80 0.50 5.80
41316 35.0 6.50 0.50 0.50 7.50
41348 30.0 4.85 0.60 0.30 5.75

REFER TO SECTION 12 STRUCTURAL CONCEPT ANALYSIS
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Composite Reinforced-Chordwise Stiffened Wing Design

The chordwise stiffened arrangement described earlier, provides the basic approach

offering the maximum mass savings potential for application of composites to the

design. The two composite reinforced designs investigated are as follows:

¢ ) e Composite reinforced spar éaps with metallic beaded surface panels

e e Composite reinforced spar caps and surface panels

A comparison of these two reinforcing methods are presented in Table 15-35 with their
— all-metallic counterpart. The results.show an ll-percent to 13-percent reduction in
total wing weight. 1Initial screening data used to derive this comparison is reported

in Section 12.

- Since the aforementioned results indicated that both concept weights were very close
to each other, further detailed analyses were conducted. The results of the latter
is presented in Tables 15-36 and 15-37. An interesting conclusion, when comparing
the reinforced spar caps only with the all metallic design, is a one pound
reduction in structure weight for each 0.L0-pound of B/PI composite rein-

forcing material used.

Using the same equations as described earlier in the Chordwise Stiffened Design
section, the box component weights are derived in Tables 15-38 and 15-39. Fig-

ure 15-21 shows the relationship between the all-metallic and composite reinforced
spar cap optimum panel unit weights. For a minimum-gage all-metallic design (3.8 psf)
there is no weight reduction possible by reinforcing the spar caps, since no further
reduction in gages is possible. However, for a highly loaded all-metallic panel
weighing 15 pounds per square foot, the addition of 2.4 pounds per square foot of
composite reinforcement to the spar caps will reduce the overall panel weight to

9 pounds per square foot.

Wing Tip Mass for Structural Arrangements

Surface panel shear thickness is a critical parameter for evaluation of outer wing
torsional stiffness and flutter speed. Therefore, the estimated thicknesses used in
the NASTRAN 2-D model were compared with those derived from the detailed stress
analysis (strength design only) as shown in Figures 15-22 through 15-24. This data
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TARLE 15-35. COMPARISON OF COMPOSITE REINFORCED DESIGNS

ARRANGEMENT CHORDWISE STIFFENED
PANEL CONCEPT CONVEX BEADED
COMPOSITE REINFORCED
MATERIAL ALL
APPLICATION METALLIC SURFACE AND SPAR CAPS SPAR CAPS
(SEE NOTES} (A) (B} (A)

VARIABLE WEIGHT (56,655} (44,474) (43,624)
CENTER SECTION (8,722) (6,847) (6,716}

UPPER SURFACE 1,570 1,689 1,670

LOWER SURFACE 1,570 1,680 1,570

SPAR CAPS AND WEBS 4,884 2,780 2,878

RIBS 698 698 698
INTERM PANEL {39,296} (30,847} (30,258)

UPPER SURFACE 7.073 7.610 7,073

LOWER SURFACE 7.073 7,593 7,073

SPAR CAPS AND WEBS 22,006 12,500 12,963

RIBS 3,144 3,144 3,144
OUTER PANEL (8,637) (6,780) {6,650}

UPPER SURFACE 1,655 1,680 1,555

LOWER SURFACE 1,555 1,660 1,655

SPAR CAPS AND WEBS 4,837 2,750 2,850

RIBS 690 690 690
FIXED WEIGHT {41,352) {41,352) (41,352)
TOTAL (STRENGTH DESIGN 98,007 85.826(C) 84,976

ONLY)

NOTES:
{A) 20-inch SPAR SPACING, 60-inch RIB SPACING

{B) A40-inch SPAR SPACING IN HIGHLY LOADED AREAS ONLY

{C) FORWARD BOX {FWD OF F.S. 2330) IS ALL METALLIC.
TOTAL WEIGHT IS 89,494 Ibs FOR 40-inch SPAR SPACING AND
REINFORCED SURFACE AND CAPS THROUGHOUT.
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TABLE 15-38. COMPOKENT WEIGHT DERIVATION - COMPCSITE REINFORCED
SPAR CAPS ONLY

UNIT BOX
A. COMPOSITE REINFORCED SPARS ONLY WEIGHT WEIGHT
(20-inch SPAR SPACING) (Ib/ft2) {ib)
FORWARD BOX: (AREA = 4136.6 #t2/AIRPLANE) 4.975 20,580
e SURFAGES {9,452)
SAME AS ALL-METALLIC (LESS FAIL-SAFE)
e SPARS =  0.122 (1.53 X 9 + 2.375) + 0.090 2.069 (8,558)
(COMPOSITES: 522 Ib)
AFT BOX: (AREA =2132.4 ft2/AIRPLANE) 8.152 17.384
e SURFACES (7,302)
SAME AS ALL-METALLIC LESS FAIL-SAFE)
e RIBS (1,514
e SPARS =  0.3162 (4.21+3.72+2 X 2.375) + 0.009 4.018 (8,568)
{COMPOSITES: 3,762 Ib)
TIP BOX: (AREA = 896.0 ft2/AIRPLANE) 11.292 10,118
¢ SURFACES (3,459)
}SAME AS ALL-METALLIC LESS FAIL-SAFE)
e AIBS {683)
e SPARS =  0.3465(3.97 + 274 +2X 1.53) + 0.005 = 3.390 (3,038)
(COMPOSITES: 1,196 ib)
e FLUTTER INCREMENT 3.279 (2,938)

TOTAL COMPOSITE MATERIAL WEIGHT: 5,480 b
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TABLE 15-39. COMPONENT WEIGHT DERIVATION - COMPOSITE
REINFORC?D SPAR CAPS AND SURFACES

UNIT BOX
B. COMPOSITE REINFORCED SPARS AND 7 WEIGHT | WEIGHT
SURFACES (40-INCH SPAR SPACING) (Ib/f2) (ib)
FORWARD BOX: (AREA = 4136.6 ft2/AIRPLANE) 5.846 24,184
e SURFACES = 0.122 (9 X 2.838 + 3.449) + (0.006) (3.543) | (14,655)
(COMPOSITES: 1,635 Ib)
e RIBS (SAME AS METALLIC) (0.621) (2,570)
® SPARS  =0.122(9 X 1.31+ 2.175) — (0.022) (1.682) (6,959)
(COMPOSITES: 919 Ib)
AFT BOX: (AREA = 2132.4 ft2/AIRPLANE) ‘ 8.719 18,592
e SURFACES =0.3162 (3.293+3.49 + 2 X 3.449) = (4.326) (9.225)
(COMPOSITES: 1,414 Ib) :
¢ RIBS {SAME AS METALLIC) ' (0.710) (1,514)
® SPARS  =0.3162(3.996 + 3.51+ 2 X 2.175) — (0.066) = (3.683) (7,853)
(COMPOSITES: 4,578 Ib)
TIP BOX: (AREA = 896.0 ft2/AIRPLANE) 11.954 10,711
® SURFACES = 0.3465 (4.425 + 3.517 + 2 X 2.838) = {4.719) (4,228)
(COMPOSITES: 536 Ib)
e RIBS (SAME AS METALLIC) {0.762) (683)
® SPARS  =0.3465 (4.062 + 2.643 + 2 X 1.31) — (0.037) (3.194) (2,862)
(COMPOSITES: 1,586 Ib)
e FLUTTER INCREMENT (3.279) (2,938)

TOTAL COMPOSITE MATERIAL WEIGHT: 10,668 Ib.
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NOTE: SHEAR THICKNESS, (ts) = 0781

WHERET = EQUIVALENT WEIGHT THICKNESS
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Figure 15-22.

DISTANCE ALONG REAR BEAM ~INCH

Shear Thickness of Wing Tip Structure - Chordwise Stiffened
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NOTE: SHEAR THICKNESS (t) = 0.40t
WHERE t = EQUIVALENT WEIGHT THICKNESS
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NOTE: SHEAR THICKNESS (t) = 0.97t

WHERE t = EQUIVALENT WEIGHT THICKNESS
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was used as the basis for evaluation of the flutter increment required for each

structural con